Oligosaccharyl phosphates (OSP) are hydrolysed from oligosaccharide-diphosphodolichol (DLO) during protein N-glycosylation by an uncharacterized process. An OSP generating activity has been reported in vitro, and here we asked if its biochemical characteristics are compatible with a role in ER-situated DLO regulation. We demonstrate a Co 2+ -dependent DLO diphosphatase activity (DLODP) that splits DLO into dolichyl-phosphate and OSP. DLODP has a pH optimum of 5.5, and is inhibited by vanadate but not by NaF. Polyprenyl diphosphates inhibit [ 
INTRODUCTION
Protein N-glycosylation is essential for embryonic development (1) , and children born with deficits in this metabolic pathway often have severe multisystemic diseases called Congenital Disorders of Glycosylation (CDG) (2) . N-glycosylation begins by transfer of the oligosaccharide, Glc3Man9GlcNAc2, from oligosaccharide-diphosphodolichol (DLO; Glc3Man9GlcNAc2-PP-dolichol), onto nascent polypeptides in the endoplasmic reticulum (ER) by oligosaccharyltransferase (3) . Dolichyl diphosphate (DolPP), the byproduct of OST-mediated protein glycosylation, is recycled to yield dolichyl phosphate (DolP) (4) that is required for the synthesis of GlcNAc-PP-dolichol, dolichyl-P-Man and dolichyl-P-Glc (5) . The former molecule is elongated to yield Glc3Man9GlcNAc2-PP-dolichol by UDP-GlcNAc-, GDP-Man-, dolichyl-PMan-and dolichyl-P-Glc-requiring, glycosyltransferases. These ER-situated reactions constitute the dolichol cycle and are controlled at many levels including feedback inhibition (6) and DLO deglucosylation and hydrolysis (7) . Neutral free oligosaccharides (nfOS) can be hydrolysed from mature DLO by oligosaccharyltransferase (7, 8) , and oligosaccharyl phosphates (OSP) derived from DLO have been shown to occur at low levels in mammalian tissues and cultured cells. OSP with truncated oligosaccharide structures occur at elevated levels when the corresponding truncated DLOs accumulate in cells with defects in the dolichol cycle, including those from CDGI patients, and glucose-starved cells (9) (10) (11) (12) (13) . Attempts to understand the significance of OSP generation have been hampered because enzymes responsible for this process have not been characterised at the biochemical or molecular levels. Membrane (14), a formal demonstration that this type of reaction actually occurs has yet to be presented. In fact, DLO could be split by either a diphosphatase to yield OSP and DolP, or a phospholipase-like enzyme to yield dolichol and an oligosaccharyl diphosphate (OSPP) intermediate that could subsequently be rapidly dephosphorylated to yield OSP (15) . Finally, whether or not the biochemical profile of this in vitro activity is compatible with a role in DLO regulation has not been addressed.
by guest, on November 10, 2017 www.jlr.org Downloaded from incubated in 1 mL of the same medium containing 100 µCi [2] [3] H]mannose for 30 min. Glc3-0Man9-8GlcNAc2-PP- [ 3 H]dolichol was generated by cultivating HepG2 cells in normal growth medium containing 10 µM mevinolin and 100 µCi / mL H]mevanolactone for 47 h.
Recovery of DLO from radiolabeled cells -These methods are based on previously described procedures (25-27). Washed cells were suspended in 4 ml of MeOH/100 mM TRIS HCl (pH 7.4) containing 4 mM MgCl2, 2:1. Four mLs CHCl3 were added and the mixture shaken. After centrifugation, DLO was recovered from the lower CHCl3 phase from the CHCl3/MeOH/H2O 10:10:3 extracts of the interphase proteins. These DLO preparations were kept at -20°C until required. Where indicated, oligosacharides were released from DLO after mild acid hydrolysis with 0.02N HCl for 30 min at 100°C.
Preparation of total cell membranes -70 -100 % confluent HepG2 cell monolayers were rinsed and scraped into phosphate buffered saline (PBS). Pelleted cells were taken up in 10 mM TRIS/HCl pH 7.4
containing protease inhibitors. After 20 min, cells were homogenized in the same buffer using a Dounce homogenizer, and post nuclear supernatants were then centrifuged at 100 000 gAv for 35 min. The pellets were taken up in 100 mM TRIS/HCl pH 7.4 containing protease inhibitors, aliquoted and frozen at -80°C. The livers were cut into small pieces, rinsed with HB and homogenized with 10 strokes in a PotterElvehjem homogenizer (800 rpm) with four volumes of HB. In some experiments a loose fitting Dounce apparatus was used to homogenise the tissue. Homogenates were centrifuged at 750 gAv for 5 min, 2500 gAv for 10 min, 12500 gAv for 10 min and 100000 gAv for 45 min to give P1, P2, P3, and P4
Differential centrifugation of mouse liver homogenates -
respectively, and a final supernatant (S). Pellets and supernatant were aliquoted and frozen at -80°C.
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Optiprep density gradient fractionation of mouse liver microsomes -Mouse liver P4 was prepared as described above with exception that EDTA was omitted from the HB. Optiprep solutions were diluted into 10 mM HEPES/NaOH pH 7.40, containing 250 mM sucrose. Mouse liver P4 was centrifuged at 350000 gAv for 90 min on the Optiprep gradient described in (29) using a Beckman VTi 65.2 rotor.
Enzyme assays -Protein and enzymes were detected using the following methods: protein BCA reagent (30) , lactate dehydrogenase (31), citrate synthase (32), phosphodiesterase I (33), acid phosphatase (34), UDP-galactose glycoprotein galactosyltransferase (35), dolichyl-P-mannose synthase (36), dolichyl-Pglucose synthase (37) , NADPH cytochrome c reductase (38) . Dolichyl-phosphate: UDP-GlcNAc Nacetylglucosamine 1-P phosphotransferase (DPAGT, (39)).
Western-blot analysis -Samples prepared from density gradient fractions were diluted to the same protein concentration, heated with NuPAGE LDS sample buffer under reducing conditions according to the manufacturer's instructions and subjected to SDS/PAGE, the primary antibodies were detected using horseradish peroxidase coupled secondary antibodies.
Standard DLODP assay -Metabolically radiolabeled DLO (3 -50 x 10 -3 cpm) was dried down into 1.5 mL centrifuge tubes before being resuspended in 5 µL 1 % NP-40. Further components were added to give final 50 µL reaction mixtures containing 100 mM MES, pH 5.5, 1 mM CoCl2, 0.1 % NP-40 and various quantities of membrane protein that are indicated in the figure legends. Incubations were carried out at 37°C for various times, as indicated in the figure legends, and stopped by the addition of 150 µL ice cold 10 mM MgCl2, 400 µL ice cold MeOH and 600 µL CHCl3 (25). After vigorous shaking the phases were separated as described above and after removal of organic solvent the radioactivity associated with the CHCl3 phase was assayed by scintillation counting (cpm DLO). The upper phase was dried down under vacuum and loaded onto coupled 500 µL Dowex 50WX2 (H + form) and Dowex 1X2 (acetate form)
ion-exchange columns in H2O. The eluate and water washes containing neutral radioactive components were dried under vacuum and assayed by scintillation counting. The Dowex 1X2 (acetate form) columns were eluted with 5 mL 3.0 M formic acid and after drying under vacuum negatively charged components were assayed by scintillation counting (cpm FA). DLODP activity is defined as cpm FA / (cpm DLO + cpm FA). Percent inhibition of DLODP activity is defined as 100 -(100 x DLODP activity+inhibitor / DLODP activitycontrol).
Analytical procedures -Where indicated, after desalting on Biogel P2 columns, charged oligosaccharides were fractionated on quaternary aminoethyl (QAE)-Sephadex columns (40) as previously described (11 , DLO is lost with a concomitant increase in OSP (Fig 1B) . To optimise detergent and pH conditions for OSP generation, Co 2+ was used to promote DLO cleavage. OSP generation requires detergent and the three neutral detergent preparations Triton X-100, NP-40 and IGEPAL have similar capacities to promote this process ( Fig 1C) .
Further studies were carried out using 0.1 % NP-40. The reaction has a pH optimum of 5.5 and is more efficient in HEPES, MOPS and MES buffers than in TRIS, pyridine or propionate buffers (Fig 1D) .
Finally, the divalent cation requirement for the reaction was re-evaluated in the presence of 0.1% NP-40, and 100 mM MES buffer at both pH 5.5 and pH 7.5 ( Fig 1E) . When the concentrations of Co 2+ and Mn
2+
were varied at pH 5.5 it was noted that even 10 mM Mn 2+ possessed little capacity to provoke OSP generation whereas 1 mM Co 2+ was sufficient to elicit maximal activity. At pH 7.5 the maximal activation seen with Co 2+ was lower than that noted at pH 5.5, but this cation appeared to be able to promote DLO cleavage at lower concentrations than at pH 5.5. As indicated in the legend to Fig 1, H]Man9GlcNAc2-PP-dolichol partitions poorly into the CHCl3 phase (see Fig 1A) during the Solvent extraction of the standard reaction mixtures and is lost during work up of the MeOH/H2O phase ( Fig 2B) .
Addition of the ER glucosidase I/II inhibitor castanospermine (Cst) and the ER/Golgi mannosidase I inhibitor kifunensin (Kif) as well as the Golgi mannosidase II/lysosomal/cytosolic mannosidase inhibitor swainsonine (Sw) to the standard incubation mixtures demonstrate that the glycan moieties of both the released OSP and substrate DLO are processed by glycosidases ( Fig 2C) . As the profile of released OSP generated during mannosidase and glucosidase blockade is still different to that of glycans derived from the starting DLO, it can be concluded that inhibitor-insensitive glycosidases are active under these incubation conditions.
Assays using the truncated Glc3-0[2-
3
H]Man5GlcNAc2-PP-dolichol substrate revealed that radioactivity was rapidly lost from DLO and concomitantly associates with both the nfOS/S and OSP fractions ( Fig   2D) . By contrast to results reported above, the use of this truncated DLO substrate, led to the recovery of a constant sum of radioactivity (Total: Fig 2D) from the different incubations: perhaps due to better partitioning of the smaller DLO structures into the CHCl3 phase after Solvent extraction. Addition of the mannosidase inhibitors to the incubations led to a striking decrease in radioactivity associated with the nfOS/S fraction indicating that [2] [3] H]mannose is liberated from the substrates and/or reaction products by mannosidases ( Fig 2E) . This was confirmed after acid hydrolysis of both the DLO and OSP material recovered from the MeOH/H2O-soluble fraction, and subsequent resolution of the oligosaccharide products by TLC ( Fig 2F) . -dependent manner, suggesting that these two ions compete for the same role during the hydrolysis reaction. Nevertheless taking into account that DolPP phosphatase activities are cation-independent and activated by EDTA it seems unlikely that they could account for the Co
2+
-activated OSP generating mechanism described here. Second, like the DolPP phosphatase activities, brain and liver DolP phosphatase are cation-independent, but unlike the former activities, are inhibited by NaF (47, 49) . As NaF activates OSP liberation from DLO (see below) it is again unlikely that the previously described liver DolP phosphatases could participate in the OSP generating process described here. While further profiling the OSP generating activity, it was noted that Hg 2+
, Cu 2+ and Zn 2+ inhibit OSP generation, indicating that a cysteine residue is important for the reaction (Fig 3B) . The phosphatase inhibitors orthovanadate and pervanadate also block OSP generation ( Fig 3C) .
Next, because DolP dephosphorylation is normally assayed in the absence of cations and at pH 7.5, we examined the effects of vanadate, NaF, Hg 2+ and EDTA on DolP dephosphorylation under the standard assay conditions used for releasing OSP from DLO. Under these conditions only EDTA did not inhibit DolP dephosphorylation (Fig 3D) . To summarise (Fig 3E) , we established a reaction condition (+ NaF)
where DolP dephosphorylation is blocked but OSP liberation from DLO (both mature and truncated DLO)
continues. However, as NaF did not block the dephosphorylation of DolPP under these reaction conditions (results not shown), we could not identify a condition where OSP generation from DLO occurs in the absence of DolPP dephosphorylation. These results demonstrate, although OSP generation from DLO is carried out by an activity, or activities, distinct from previously characterised DolP and DolPP phosphatases, the possibility that the OSP generating enzyme can also dephosphorylate DolPP cannot be excluded.
The OSP-generating activity is a diphosphatase -The liberation of OSP from DLO could occur by either splitting of the diphosphate linkage by a diphosphatase or by initial cleavage of the dolichyl phosphate linkage by a phospholipase-like enzyme followed by rapid conversion of the diphosphoryl oligosaccharide (OSPP) to OSP (15) . In order to look for a putative OSPP, Glc3-0[2- Fig 4A, lower panel) . In order to investigate the difference in apparent charge of OSP and glucose-1P during QAE-Sephadex chromatography (Fig 4A, upper panel 
) was incubated with total HepG2 membranes under the standard conditions. Aliquots of the desalted water-soluble product were then either treated with S. plicatus endo -N-acetylglucosaminidase H (endoH), or treated with incubation buffer alone. After desalting the reaction products were subjected to anion exchange chromatography and it can be seen that endo H treatment gives rise to a neutral compound and another, possessing a higher apparent charge than OSP, which co-eluted 13 with glucose-1P (Fig 4C) . These data are consistent with Glc3-0Man9[ alkyl chain length between 5 and 20 carbons and reaction inhibition, whereas a further increase in the chain length from 20 to 45 carbons produced a less striking effect. Comparison of the IC50 value obtained for citronellyl diphosphate, a compound whose structure is identical to the first 10 carbon residues of DolPP ( Fig 5A) , with that obtained for geranyl diphosphate indicates that, at least for these short chain compounds, the structure of the alkyl chain is not a critical factor for inhibition of DLODP activity ( Fig   5B) .
Lipophilic diphosphodiesters inhibit DLODP activity more effectively than lipophilic diphosphomonoesters -As mentioned earlier, we were unable to identify reaction conditions where DolPP is not dephosphorylated and OSP is generated from DLO. So, it is possible that the preferred substrates for DLODP are actually lipophilic diphosphomonoesters like polyprenyl diphosphataes. To address this question a series of compounds, based upon the solanesyl moiety (Fig 6A, 1 -5 to that seen using the more drastic homogenisation conditions. Furthermore, the differences in distributions of UGT-and DLODP-containing membranes in fractions 7 and 8 are now no longer apparent. The ensemble of these results demonstrates that the bulk of DLODP activity shows a similar distribution to that of GA-situated UGT and not those of the ER-situated DolP-dependent enzymes of the dolichol cycle.
DISCUSSION
Progress in our understanding of how and why OSP are generated has been hampered by the lack of biochemical, cellular and molecular information on the mechanism of OSP release. An activity that liberates OSP from DLO was first described in vitro when membranes derived from murine myeloma ) was observed when microsomes were incubated with radiolabeled Man5GlcNAc2-PPdolichol in the presence of detergent at pH 7.4 (12) . However, none of these studies addressed the potential selectivity of the reaction for DLO, and although the activities are described as pyrophosphatases (diphosphatases) because OSPP were not detected, formal demonstration of a DLO diphosphatase was not attempted. In order to characterise this activity more fully we re-examined its ion-dependence and found that although OSP are released from DLO in the presence of Mn 2+ at pH 7. shows no hypoglycosylation phenotype. The cation dependence of the DLODP activity seems to rule out the possibility that one of the above-described cation independent gene products could account for its activity. Although there are cation dependent, NEM-sensitive PA phosphatases (S. cerevisiae: PAH1, H.
sapiens: LIPIN1, LIPIN2, and LIPIN3), these enzymes are unlikely candidates for DLODP activity because they are activated predominantly by Mg 2+ and appear to have strict specificity for PA (60) .
What is the physiological substrate of DLODP? -When various compounds were added to the DLODP assay mixture, it was found that many physiologically occurring water-soluble mono-, di-, and triphosphocompounds inhibited the reaction at relatively high concentrations, whereas more lipophilic structures such as isoprenoid diphosphates, PA and LPA inhibited the reaction more effectively. It should be pointed out that although LPA displayed a relatively low IC50, maximum DLODP assay inhibition was not achieved at even 100 M, thus making LPA an unlikely substrate for DLODP in vivo. GlcNAc2-PPsolanesol is a substrate for DLODP and was found to inhibit the release of [ diphospho diesters such as DLO. To summarise, although our results point to a novel enzyme selective for DLO hydrolysis, it remains a possibility that the DLODP activity that is described here is due to a previously characterised enzyme whose capacity to hydrolyse DLO has yet to be reported. Whatever the 19 true physiological substrate of this DLODP activity, our selectivity studies reinforce the hypothesis that it hydrolyses DLO in vivo.
What is the relationship between DLODP and cellular OSP-generating mechanisms? -Our subcellular
fractionation data demonstrate that the bulk of DLODP activity does not co-distribute with markers of the ER, but fractionates in lighter membranes similar to those containing GA-situated UGT. The GA has previously been shown to harbour a cation-independent DolPP phosphatase activity that is inhibited by Methods. The fractionation was monitored by measuring the density of the fractions, and quantitating protein (upper panels). ER membranes were identified by measuring NADPH cytochrome C reductase (NCCR) activity, and quantitating calnexin (CNX) and protein disulphide isomerise (PDI) after SDS PAGE and western blotting (second panels). Membranes of the Golgi apparatus were identified by assaying UDP-galactose: glycoprotein galactosyltransferase (UGT) and DLODP activity was measured using the standard assay. In the lower panels, data from dolichyl-P-mannose synthase (DPMS), dolichyl-P-glucose synthase (DPGS) and UDP-GlcNAc -dolichyl phosphate -GlcNAc 1-P phosphotransferase 
